All virus sequences are available on GenBank (accession no. MK948524 to MK948543).

Introduction {#sec001}
============

Viruses and viroids are one of the major emerging threats to agricultural and horticultural production \[[@pone.0237951.ref001]\]. Climate change and increasing global trade are only two of many factors accelerating the dispersal of plant viruses into new geographic areas where they can potentially cause greater damage thus threating food supplying for humans and animals \[[@pone.0237951.ref002]--[@pone.0237951.ref005]\]. Precise identification of the virus causing the disease is important for correct management procedures, such as switching to virus-resistant cultivars (where available), quarantine or eradication measures or vector control. In the past, traditional detection methods such as serological (i.e. ELISA, Tissue blot-ELISA) or nucleic acid-based (PCR, probe-based methods) detection methods required a *priori* knowledge of the pathogen that needed to be detected, such as previously purified virus particles used for raising antibodies or nucleic acid sequences for the design of specific primers or target probes \[[@pone.0237951.ref006]\]. However, divergent sequences or virus variants with different antigenic epitopes on the virion surface would not be detected using these methods. Electron microscopy is important for viruses' detection, as it requires no prior knowledge for virus detection \[[@pone.0237951.ref007],[@pone.0237951.ref008]\]. Nevertheless, it tends not to be able to identify viruses up to species level as its detection is based on the particle morphology, and often fails to detect low titre viruses or viruses that are phloem-limited and disease-causing entities without protein shells such as viroids or satellite RNAs \[[@pone.0237951.ref009],[@pone.0237951.ref008],[@pone.0237951.ref010],[@pone.0237951.ref011]\].

The development and evolution of novel high-throughput sequencing (HTS) technologies has revolutionised virus discovery, plant virus diagnostics as well as metagenomic, evolutionary and community studies in recent years \[[@pone.0237951.ref012],[@pone.0237951.ref013]\]. No prior knowledge about the pathogen is needed for HTS since all the nucleic acid (viral or non-viral) in the sample can be sequenced. Many previously undescribed viruses and viroids have been discovered using HTS and the number is constantly increasing \[[@pone.0237951.ref014]--[@pone.0237951.ref017]\]. However, HTS-based approaches for virus/viroid detection is facing several challenges in order to be validated for routine use diagnostic laboratories \[[@pone.0237951.ref018]\]. As HTS can sequence all nucleic acids within a given sample, whether of plant or pathogen origin, suitable enrichment strategies should be used to minimise the generated host reads that reduces the pathogen reads, and may interfere with subsequent bioinformatic analyses. Additionally, there is no universal sequence that can be used for the analysis of virus/viroid communities in contrast to fungi or bacteria where the internal transcribed spacer (ITS) or the 16S ribosomal RNA can be used in amplicon sequencing manner for the general detection of these pathogens \[[@pone.0237951.ref019]\]. Thus, in case of unknown virus/viroid infections, studies rely on untargeted identification approaches utilizing random primers for detection \[[@pone.0237951.ref020]\].

As viruses have different genome types, i.e. single- or double-stranded DNA, single- (positive \[+ve\] or negative \[-ve\] sense) or double-stranded RNA (dsRNA), circular or non-circular nucleic acids, there are various extraction methods and enrichment strategies available that may or may not suit all molecules equally \[[@pone.0237951.ref008],[@pone.0237951.ref021]\]. For example, the extraction of dsRNA (the replicative form of most plant viruses) has been used for a long time to generate sequence information from unknown plant viruses and can be used for the enrichment of viral sequences for HTS \[[@pone.0237951.ref022]--[@pone.0237951.ref025]\]. More recently, virus-derived small RNAs (vsRNAs) or ribo-depleted total RNA extracts have been used to prepare samples for HTS \[[@pone.0237951.ref026],[@pone.0237951.ref027]\]. Alternatively, rolling circle amplification and subsequent sequencing worked well for viruses with circular DNA genomes \[[@pone.0237951.ref028],[@pone.0237951.ref029]\]. Viroids, in contrast to viruses, consist of small, circular, single-stranded, non-coding RNA molecules that can fold into secondary structures \[[@pone.0237951.ref030],[@pone.0237951.ref031]\]. Viroids replicate via RNA-based rolling circle mechanism in symmetric and asymmetric pathways depending on the viroid family \[[@pone.0237951.ref032]\]. Few studies have directly compared different enrichment strategies and their ability to detect plant virus sequences through HTS \[[@pone.0237951.ref033],[@pone.0237951.ref034]\]. In this study, we compare three RNA based-enrichment strategies, i.e. dsRNA extraction, ribo-depleted totRNA and small RNA (sRNA) extraction, and evaluate their potential for virus/viroid detection, their genome coverage recovery rate and depth recovery from the reads. We included viruses with different genomes ((+ve) ssRNA, (-ve) ssRNA and ssDNA) as well as a viroid.

Material and methods {#sec002}
====================

Plant cultivation {#sec003}
-----------------

Four plant varieties (*Nicotiana benthamiana* \[cultivar: JKI-Wild\], *Pisum sativum* \[cultivar: Rainier\], *Solanum lycopersicum* \[cultivar: Linda\] and *Vicia faba* \[cultivar: Tattoo\]) were used ([Table 1](#pone.0237951.t001){ref-type="table"}). In addition, *Phaseolus vulgaris* (cultivar: Black Turtle) infected with the cryptic viruses Phaseolus vulgaris alphaendornavirus 1 and 2 (PvEV1 and PvEV2; JKI ID 31403) was used to spike the samples during extraction as control (kindly provided by Dr. Mike Rott). The plants were kept under greenhouse conditions (at 22°C; photoperiod of 16 h light \[natural daylight with additional growth light Phillips IP65, 400 Watt\] and 8 h dark).

10.1371/journal.pone.0237951.t001

###### List of plant viruses and the viroid used in this research.

![](pone.0237951.t001){#pone.0237951.t001g}

  Sample                                       Name                                         Acronym   JKI ID number           Genome nature   Family                    Genus                 Host                                         
  -------------------------------------------- -------------------------------------------- --------- ----------------------- --------------- ------------------------- --------------------- ---------------------- --------------------- -------------------------
  1                                            **pea enation mosaic virus 1**               PEMV1     31399                   +ssRNA          Linear/ Non-segmented     5,706                 *Luteoviridae*         *Enamovirus*          *Pisum sativum*
  2                                            **pea necrotic yellow dwarf virus**          PNYDV     31400                   ssDNA           Circular/ segmented       7,896                 *Nanoviridae*          *Nanovirus*           *Vicia faba*
  3                                            **Physostegia chlorotic mottle virus**       PhCMoV    31401                   -ssRNA          Linear/ Non-segmented     13,321                *Rhabdoviridae*        *Nucleorhabdovirus*   *Nicotiana benthamiana*
  4                                            **potato spindle tuber viroid**              PSTVd     31402                   viroid          Circular/ Non-segmented   360                   *Pospiviroidae*        *Pospiviroid*         *Solanum lycopersicum*
  Internal controls                            **Phaseolus vulgaris alphaendornavirus 1**   PvEV1     31403                   dsRNA           Linear/ Non-segmented     \~14,072              *Endornaviridae*       *Alphaendornavirus*   *Phaseolus vulgaris*
  **Phaseolus vulgaris alphaendornavirus 2**   PvEV2                                        dsRNA     Linear/ Non-segmented   \~14,817        *Endornaviridae*          *Alphaendornavirus*   *Phaseolus vulgaris*                         

Viruses and viroid isolates {#sec004}
---------------------------

Three viruses with different genomes and one viroid were used in this study ([Table 1](#pone.0237951.t001){ref-type="table"}). Pea enation mosaic virus 1 (PEMV1), originally from a *P*. *sativum* plant showing enation symptoms, was collected in 2011 from Hondeghem, northern France. Pea necrotic yellow dwarf virus (PNYDV), Elbtal isolate, originally from an infected *P*. *sativum* sample showing dwarfing and yellowing in top leaves and leaf rolling symptoms, originally from Saxony, Germany in 2011. The original Physostegia chlorotic mottle virus (PhCMoV), HZ16-558 isolate, was from an infected *S*. *lycopersicum* plant, collected from Hesse state in Germany displaying fruit marbling and discoloration symptoms in 2016 \[[@pone.0237951.ref020]\]. The potato spindle tuber viroid (PSTVd), isolate PV-0950, was kindly provided by DSMZ (German collection of microorganisms and cell cultures, Braunschweig, Germany) in the form of lyophilized infected *S*. *lycopersicum* plant leaves in 2014.

Virus maintenance {#sec005}
-----------------

PEMV1 and PNYDV were maintained by aphid transmission using *Acyrthosiphon pisum*. The aphids were reared for five days on infected *P*. *sativum* and *V*. *faba*, respectively, and ten viruliferous aphids were transferred onto healthy plants. The inoculation access period was five days. The aphids were killed using a non-systemic insecticide (Spruzit Schädlingsfrei, Neudorff GmbH KG, Emmerthal, Germany).

PhCMoV and PSTVd were maintained by mechanical transmission to *N*. *benthamiana* and *S*. *lycopersicum*, respectively. For mechanical transmission, 100 mg of infected plant material were ground in Norit buffer (0.05M phosphate buffer \[pH 7.0\]; 0.001M ethylenediaminetetraacetic acid; 0.02M sodium diethyldithiocarbamic acid; 0.005M thioglycolic acid; 0.75% activated charcoal \[Norit\]) and 30 mg of diatomaceous earth (Celite) were added. The homogenate was rubbed gently on healthy plants' leaves using glass rods. The inoculated leaves were rinsed with water within 5 min. After inoculation, all plants were kept under greenhouse conditions for four weeks until virus symptoms were observed (except for PSTVd; no symptoms were observed).

Confirmation of infection by DAS-ELISA and/or PCR/RT-PCR {#sec006}
--------------------------------------------------------

To confirm infection, all plants were tested by ELISA and/or RT-PCR or PCR ([Table 2](#pone.0237951.t002){ref-type="table"}). ELISA tests were performed (except for PSTVd infected plants) using antibodies listed in [Table 2](#pone.0237951.t002){ref-type="table"} as described in \[[@pone.0237951.ref035],[@pone.0237951.ref036]\]. Additionally, to confirm infections with PEMV1, PhCMoV and PSTVd, RT-PCR was performed using total RNA extracted with innuPREP Plant RNA Kit (Analytik Jena, Jena, Germany), following the manufacturer's instructions. cDNA was synthesised using ProtoScript II Reverse Transcriptase (New England Biolabs, Frankfurt am Main, Germany) using the reverse primer of the primer pairs mentioned for each virus ([Table 2](#pone.0237951.t002){ref-type="table"}). PCR was performed using OneTaq DNA Polymerase (New England Biolabs, Frankfurt am Main, Germany) and each virus specific primers ([Table 2](#pone.0237951.t002){ref-type="table"}). PNYDV infection was confirmed by DNA extraction according to Edward's method for plant DNA extraction with 0.1% Mercaptoethanol added to the extraction buffer \[[@pone.0237951.ref037]\]. The extracted DNA was treated by RNase A (Carl Roth, Karlsruhe, Germany), followed by PCR using OneTaq DNA Polymerase (New England Biolabs, Frankfurt am Main, Germany) and PNYDV specific primers

10.1371/journal.pone.0237951.t002

###### Virus/viroid infection confirmation.

Symptoms, ELISA and RT-PCR or PCR including antibodies and primer sets used for confirmation, and the reference sequences used for mapping.

![](pone.0237951.t002){#pone.0237951.t002g}

  Virus        Symptoms                                                          ELISA                                RT-PCR or PCR   Reference sequence accession no.                                                          
  ------------ ----------------------------------------------------------------- ------------------------------------ --------------- ------------------------------------- --------------------------------------------------- -----------------------------------------------
  **PEMV1**    Enation and mosaic                                                JKI-1841                             HZ-355 r        `5′-TCA GAA ATG ACG CCG GAA CA-3′`    This study                                          NC_003629
  HZ-356 f     `5′-GCG GAA CAA CCT GTC TCT GA-3’`                                                                                                                                                                               
  **PEMV2**    HZ-363 r                                                          `5′-GTT GTG CGT CCT CTT GGA GA-3′`   This study      NC_003853                                                                                 
  HZ-366 f     `5′-CCC AAG GAG GTG TCC ATG TC-3′`                                                                                                                                                                               
  **WHAV2**    NA                                                                NA                                   HZ-576 r        `5′-AGC GGA CAT CGA GAA AGC TT-3′`    This study                                          NC_028382, NC_028383, NC_028386 and NC_028387
  HZ-577 f     `5′-GAG AGC GTC AAT GGT GGT GA-3′`                                                                                                                                                                               
  **PNYDV**    Yellowing, dwarfing and leaf rolling                              JKI-1604                             priPeaSdir      `5′-AAC CTC CGG ATA TCA CCA GAT-3′`   \[[@pone.0237951.ref038],[@pone.0237951.ref039]\]   NC_023154 to NC_023161
  priPeaSrev   `5′-CCG GAG GTT TTA TTT CAA AAC CAA C-3′`                                                                                                                                                                        
  **VCV**      NA                                                                NA                                   HZ-658 r        `5′-GCG AGT TCA TCC GAA TGC AC-3′`    This study                                          NC_007241 and NC_007242
  HZ-659 f     `5′-GCC TCC AGT GAA GGT TTC GA-3′`                                                                                                                                                                               
  **PhCMoV**   Discoloration, mild yellow spots, distortion and fruit marbling   JKI-2051                             HZ-343 r        `5′-CGG TGA GTG GGG CAA CTA AT-3′`    \[[@pone.0237951.ref020]\]                          KY859866
  HZ-344 f     `5′-AGC GAT GGG GTC TAG TGT CT-3′`                                                                                                                                                                               
  **PSTVd**    Symptomless                                                       NA                                   primer A        `5′-CCC TGA AGC GCT CCT CCG AG-3′`    \[[@pone.0237951.ref040]\]                          NC_002030
  primer B     `5′-ATC CCC GGG GAA ACC TGG AGC GAA C-3′`                                                                                                                                                                        

NA: Not applicable.

r: reverse.

f: forward.

Nucleic acid extraction and virus/viroid enrichment {#sec007}
---------------------------------------------------

Five grams of leaf tissue from each infected plant were ground in liquid nitrogen and stored at -80°C until further extraction. For extraction, 100 mg leaf materials were mixed with 20 mg leaf discs from *P*. *vulgaris* infected with PvEV1 and PvEV2. The mix was used for three different RNA extraction methods ([Fig 1](#pone.0237951.g001){ref-type="fig"}):

a.  Double-stranded RNA extraction (dsRNA):

    1.  dsRNA was extracted using Double-RNA Viral dsRNA Extraction Mini Kit (for plant tissue) (iNtRON Biotechnology, USA) according to the manufacturer's protocol.

b.  Total RNA extraction followed by ribo-depletion (ribo-depleted totRNA):

    1.  Total RNA extraction was performed using innuPREP Plant RNA Kit as described by the manufacturers' instructions. The ribosomal RNA (rRNA) was depleted using the RiboMinus™ Plant Kit for RNA-Seq (Invitrogen) according to the manufacturers' protocol.

c.  Total RNA extraction followed by small RNA extraction (sRNA):

    1.  Total RNA was extracted as described above, then DNase treated using innuPREP DNase I Digest Kit (Analytik Jena AG) according to the manufacturers' protocol. sRNA was extracted using polyacrylamide gel selection at Fasteris Life Sciences SA (Plan-les-Ouates, Switzerland).

![Graphical representation of the three RNA extractions (or enrichment) approaches used in this research, i.e. dsRNA, ribo-depleted totRNA and sRNA.\
The steps are indicated in orange boxes. The sequencing Illumina platforms are in green.](pone.0237951.g001){#pone.0237951.g001}

Additionally, DNA extraction followed by rolling circle amplification (RCA) was carried out for the nanovirus infected plants. Genomic DNA was extracted as described before followed by RCA using TempliPhiTM 100 Amplification Kit (GE Healthcare Limited, UK).

Nucleic acid preparations for HTS {#sec008}
---------------------------------

For dsRNA and ribo-depleted totRNA, random cDNA was synthesized using ProtoScript II Reverse Transcriptase and random octamer primers (8N). A denaturation step of 99°C for 2 min for the dsRNA and 65°C for 5 min for the ribo-depleted totRNA. ds-cDNA was synthesized using NEBNext Ultra II Non-Directional RNA Second Strand Synthesis Module (New England Biolabs). Libraries were prepared using Nextera DNA Library Prep Kit (Illumina) following the manufacturer protocol. The quantification was done using Qubit dsDNA HS Assay Kit (Life Technologies) and quality analysis was done using High Sensitivity DNA Chips on Agilent 2100 Bioanalyzer (Agilent Technologies) following the manufacturers' protocols. Subsequently, the libraries were sequenced on a MiSeq Illumina platform v.3 pair-end reads (2x301) at DSMZ (Braunschweig, Germany). For the sRNA, libraries were prepared from sRNA extracted using TruSeq small RNA kit (Illumina) at Fasteris Life Sciences SA (Plan-les-Ouates, Switzerland) and sequenced on a NextSeq Illumina platform single-end reads (1x50). For the RCA products, the library was also prepared using Nextera DNA Library Prep Kit and run on a NextSeq Illumina platform (2x151) at DSMZ (Braunschweig, Germany).

Bioinformatic data analysis {#sec009}
---------------------------

The data analysis was performed using Geneious (version 11.1.5) (Biomatters Limited, Auckland, New Zealand). The adaptors and low-quality nucleotides were trimmed from the raw reads (quality score set to 0.05), then the trimmed reads were filtered by length (100 to 301nt for dsRNA and ribo-depleted totRNA; 20 to 24nt for sRNA). The filtered trimmed reads were *de novo* assembled using Geneious (parameters; Medium Sensitivity/Fast). Moreover, sRNA reads were also assembled using Velvet (*kmer* = 13/ minimum contig length = 30) \[[@pone.0237951.ref041]\].

The filtered-quality trimmed reads were also *kmer* normalised using BBNorm tool 37.64 (Brian Bushnell within Geneious) (parameters: Minimum depth = 5/ Target coverage level = 40 for MiSeq reads, and Minimum depth = 5/ Target coverage level = 100 for NextSeq reads). After that, the reads were *de novo* assembled as described above.

Assembled contigs were compared against a local database for viruses and viroids reference sequences using BLASTn (maximum E-value: 1e-5) downloaded 18 August 2018. To confirm the virus/viroid presence in each sample, the contigs were mapped to references (accession no. in [Table 2](#pone.0237951.t002){ref-type="table"}). Additionally, filtered and trimmed reads were mapped to the reference sequences (Geneious; Medium Sensitivity/Fast and 5 iterations for dsRNA and ribo-depleted totRNA, and Medium-low Sensitivity/Fast and 5 iterations for sRNA). A cut-off for virus/viroid detection was set at ≥ 40% recovery of the reference sequence (for viruses) and ≥ 80% (for viroids). The consensus sequences were generated from the quality trimmed reads by mapping to reference sequences. The results were manually inspected to refine the ends of the genomes and consensus sequences were generated based on the quality of the nucleotides.

Pairwise nucleotide alignments were performed with ClustalW 2.1 (Cost matrix: CLUSTALW/ Gap open cost: 15/ Gap extend cost: 6.66) on Geneious while for protein alignments Clustal W 2.1 with parameters (Cost matrix: BLOSUM/ Gap open cost: 10/ Gap extend cost: 0.1).

Comparing the three RNA-based approaches {#sec010}
----------------------------------------

The quality-controlled reads of each dataset were randomly subsampled (10 replicates) into the same number of reads (equal to approximately the same number of nucleotides 1, 10, 20, 30, 40 and 50 million nt). Resulting in a total of 720 subsets, each was used for *de novo* assembly and mapping to its reciprocal consensus sequence generated from the total reads. The number of nucleotides matched the references, percentage of the reference sequence recovered, and mean depth were calculated for each. Furthermore, *de novo* assembly (Geneious parameters; Medium Sensitivity/Fast) was performed for each subset and the resulting contigs were mapped to the corresponding consensus virus/viroid sequence and the percentages of whole genome was generated.

Statistical analysis {#sec011}
--------------------

The generated data from the bioinformatic analysis was statistically analysed using R version 3.5.1 \[[@pone.0237951.ref042]\]. The number of nucleotides matched the references, percentage of the reference sequence recovered by both reads and *de novo* assembled contigs, and mean depth were statistically compared. The data were visualised by ggplot2 and VennDiagram packages \[[@pone.0237951.ref043],[@pone.0237951.ref044]\].

Results {#sec012}
=======

Raw data {#sec013}
--------

The statistics of the raw data generated from the HTS platforms of the three RNA-based approaches are indicated in [S1 Table](#pone.0237951.s002){ref-type="supplementary-material"}. As we used restricted quality and length of the reads, part of the generated datasets was of less quality than expected, this can be shown by the number of reads after trimming and filtering, and by the mean read length. Nevertheless, the datasets were still used for bioinformatic analysis. Furthermore, the internal controls (PvEV1 and PvEV2) that were used to spike the samples, were detected in all samples using the different approaches ([S2 Table](#pone.0237951.s003){ref-type="supplementary-material"}).

The cost of each approach was calculated on average based on our experience and the prices until early 2019 ([S3 Table](#pone.0237951.s004){ref-type="supplementary-material"}). The average cost of the dsRNA approach was about 307 Euros, the ribo-depleted totRNA costed 380 Euro, while the sRNA approach costed about 539 Euro on average.

Virus/viroid detection {#sec014}
----------------------

Using BLASTn search, all three inoculated viruses and the viroid in this study were detected with all three RNA approaches, i.e. dsRNA, ribo-depleted totRNA and sRNA. Surprisingly, other viruses were also detected in sample 1 and sample 2. In sample 1, in addition to PEMV1, a divergent isolate of pea enation mosaic virus 2 (PEMV2) (Genus: *Umbravirus*/ Family: *Tombusviridae*) was detected by using all three approaches, and a divergent strain of Wuhan aphid virus 2 (WHAV2) was detected by dsRNA and ribo-depleted totRNA approaches ([Fig 2](#pone.0237951.g002){ref-type="fig"}). In sample 2, in addition to PNYDV, Vicia cryptic virus (VCV) (Genus: *Alphacryptovirus*/ Family: *Partitiviridae*) was also detected by dsRNA and sRNA approaches ([Fig 2](#pone.0237951.g002){ref-type="fig"}). These results showed that all viruses (expected and unexpected) were detected by the dsRNA approach while ribo-depleted RNA and sRNA approaches detected either WHAV2 or VCV, respectively. No associated RNAs or alphasatellites DNAs were identified in the different samples. The presence of PEMV2, WHAV2 and VCV were confirmed using RT-PCR and virus specific primers as listed in [Table 2](#pone.0237951.t002){ref-type="table"}.

![Venn diagram showing the viruses/viroid detected in all samples using different viral enrichment approaches (dsRNA, ribo-depleted totRNA and sRNA).\
The overlapping regions correspond to the number of viruses/viroid detected by more than one approach. The detected viruses were PEMV1: pea enation mosaic virus 1, PEMV2: pea enation mosaic virus 2, WHAV2: Wuhan aphid virus 2, PNYDV: pea necrotic yellow dwarf virus, VCV: Vicia cryptic virus and PhCMoV: Physostegia chlorotic mottle virus, PSTVd: potato spindle tuber viroid, PvEV1: Phaseolus vulgaris alphaendornavirus 1, and PvEV2: Phaseolus vulgaris alphaendornavirus 2.](pone.0237951.g002){#pone.0237951.g002}

Virus/viroid recovery {#sec015}
---------------------

The total filtered and trimmed reads of each dataset were mapped to the different reference genomes of the nine viruses in the samples (six viruses, a viroid and the two spiked internal control viruses). The percentage of the total mapped reads and the percentage of the reference coverage can be found in [Table 3](#pone.0237951.t003){ref-type="table"}. The numbers of mapped reads are different from one approach to another and from one virus to another. The full genomes of PEMV2, PhCMoV and PSTVd were recovered in the datasets by all three viral enrichment approaches. The almost complete genomes of PEMV1 (missing the 5\' and 3\' ends \[not confirmed\]/ length of the missing regions vary from method to another) were detected by the three approaches. The almost complete genomes of WHAV2 (missing the 5\' and 3\' ends of some segments \[not confirmed\]) were identified by both dsRNA and ribo-depleted totRNA approaches. For VCV, less than 90% of the genome was assembled by ribo-depleted totRNA and sRNA approaches, and for PNYDV, less than 80% of the genome was assembled by the three approaches ([Table 3](#pone.0237951.t003){ref-type="table"}). Therefore, to obtain the full genome of PNYDV, RCA enrichment was used. All virus sequences were submitted to GenBank (accession no. MK948524 to MK948543).

10.1371/journal.pone.0237951.t003

###### Viruses detected in each sample by the different approaches (dsRNA, ribo-depleted totRNA and sRNA) in the total quality filter and trimmed data.
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  Sample      Virus        dsRNA        Ribo-depleted totRNA   sRNA      Accession no.                                                                                                       
  ----------- ------------ ------------ ---------------------- --------- --------------- --------- ------------ ------- --------- ----------- ------------ --------- ----------------------- ----------------------
  **1**       **PEMV1**    0.2          4,512,493              99.9      758.7           1.3       2,024,078    99.1    347.4     0.2         2,224,442    99.9      394.1                   MK948533
  **PEMV2**   1.1          24,014,812   100                    5,570.7   0.5             797,036   100          186.2   0.4       5,830,566   100          1,370.2   MK948534                
  **WHAV2**   0.05         1,163,873    98.4                   105.3     0.08            130,809   93.8         12      0         0           0            0         MK948535 to MK948538    
  **2**       **PNYDV**    0.004        39,512                 77.2      4.9             0.01      38,587       72      4.6       0.02        215,596      63.5      27.1                    MK948525 to MK948532
  **VCV**     0.01         51,391       89.4                   13        0               0         0            0       0.01      67,266      87.5         17.4      MK948539 and MK948540   
  **3**       **PhCMoV**   0.8          9,737,744              100       725.3           15        37,885,237   100     3,750.4   0.5         8,081,770    100       606.8                   MK948541
  **4**       **PSTVd**    0.001        11,378                 100       17.6            0.08      259,548      100     521.6     3.2         32,356,230   100       92,360.3                MK948524

The percentages (%) of the total number of mapped reads and of the recovered reference sequence, the total number of virus/viroid nucleotides (nt) and the mean depth are listed.

Virus/viroid sequence characterisation {#sec016}
--------------------------------------

Pairwise nucleotide comparison between the sequences of PEMV1, PNYDV, PhCMoV and PSTVd showed that nucleotide (nt) identities range between 95.7% and 100% to their most similar sequence matches on NCBI. The French isolate of PEMV1 resulted in 95.7% identity with the ID isolate from Idaho USA (accession no. HM439775). The eight segments of PNYDV Elbtal isolate shared between 97.9% to 99.9% nt identities to their most similar sequences on NCBI. Segments DNA-N, -R, -S, -U4 shared 99.6% to 99.9% nt identities to the German isolate 110726 (accession no. KY810776 to KY810778 and KY810781). Segments DNA-C, -U1 and -U2 were most similar to the Danish isolate DK HZ16-582 by 97.9% to 99.4% (accession no. MH000257, MH000258 and MH000260), and segment DNA-M is most similar to the Danish isolate DK HZ16-573 by 98.6% (accession no. MH000250). PhCMoV HZ16-558 isolate shared 99.6% nt identity to HZ15-192 isolate (accession no. KY859866). The PSTVd isolate shared 100% nt identity with isolates 6718566 from Netherlands and 07087900 from Belgium (accession no. KX370618 and FM998548, respectively). The sequences of PEMV2 and WHAV2 isolates were divergent from the reference sequences ([S4](#pone.0237951.s005){ref-type="supplementary-material"} and [S5](#pone.0237951.s006){ref-type="supplementary-material"} Tables). The predicted proteins of PEMV2 shared between 92.5% to 97.6% aa identities to their analogues of the most similar isolate from the UK ([S4 Table](#pone.0237951.s005){ref-type="supplementary-material"}) whereas WHAV2 protein sequences shared 90.2% to 96.8% aa identities to the predicted proteins of the Chinese strain WHYC-2 ([S5 Table](#pone.0237951.s006){ref-type="supplementary-material"}). PvEV1 shared 99.7% nt identity to the Mexican isolate INIFAP CG1 (accession no. MG640415) and PvEV2 shared highest nt identity with a Brazilian isolate with 99.4% (accession no. AB719398).

The sensitivity of the three approaches (virus nucleotides and average depth) {#sec017}
-----------------------------------------------------------------------------

The sensitivity of each approach for the detection of the viruses/viroid in this study was analysed using normalised subsamples (sizes: 1M, 10M, 20M, 30M, 40M and 50M nt). Each of the normalised subsamples from the different sizes was mapped to the consensus sequences of the detected viruses/viroid. The percentages of recovered references (here the consensus sequences) by the viral/viroid nt of each subsample are shown in [Fig 3](#pone.0237951.g003){ref-type="fig"}. With the dsRNA approach, the recovered percentages of the genomes reached 100% at 10M nt for PEMV2 and PhCMoV, whereas PEMV1 was only recovered at 20M nt. In the case of PSTVd, the full genome was recovered in some replicates from 20M to 50M nt, but the means were lower than 80%. However, for the segmented viruses: WHAV2, PNYDV and VCV, the whole genomes could not be recovered even when using 50M nt. Using ribo-depleted totRNA, the full genomes of PEMV1, PEMV2 and PhCMoV recovered at 10M nt ([Fig 3](#pone.0237951.g003){ref-type="fig"}). The full genome of PSTVd was recovered at 1M nt. Similar to dsRNA approach, the genomes of WHAV2 and PNYDV were not recovered in all the subsamples. sRNA performed similar to dsRNA approach with the viruses they both detected. PSTVd recovered at 1M nt, PEMV2 and PhCMoV at 10M, PEMV1 at 20M, and PNYDV reached about 60% of the genomes at 50M nt. Additionally, VCV also reached about 60% of the genomes at 50M nt.

![Percentage of reference sequences recovered by the reads of the RNA-based approaches on each of the normalised nucleotide subsamples (sizes: 1M, 10M, 20M, 30M, 40M and 50M nt).\
The means of each approach are shown as blue circle: dsRNA, red triangle: ribo-depleted totRNA and yellow square: sRNA. The means are joined by lines with same colours. The vertical lines represent the standard deviation of the ten replicates. The strips over each graph are divided into two parts (upper: sample number, lower: virus/viroid acronym).](pone.0237951.g003){#pone.0237951.g003}

The dsRNA normalised subsamples had low variation for PEMV1, PEMV2, WHAV2 and PhCMoV, slight variation for PNYDV and VCV, and high variation in case of PSTVd ([Fig 3](#pone.0237951.g003){ref-type="fig"}). For ribo-depleted totRNA, all the replicates in all the viruses had low variation except for PNYDV showed slight variation. sRNA had low variation except in one subsample of PEMV1, i.e. size 40M nt. The generated contigs by *de novo* assembly of each normalised subsamples showed the same results ([S1 Fig](#pone.0237951.s001){ref-type="supplementary-material"}). In [Fig 4](#pone.0237951.g004){ref-type="fig"}, the mean depth increased with the size of subsamples in all the three RNA approaches. Regarding the variation, it was the same as the percentages of recovered references of [Fig 3](#pone.0237951.g003){ref-type="fig"}.
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Discussion {#sec018}
==========

The three viral enrichment approaches (dsRNA, ribo-depleted totRNA and sRNA) used here enabled the detection and identification of the known and unknown plant viruses/viroid in this study. The suitability of the three approaches for virus detection by HTS was confirmed by the recovery of positive internal controls (PvEV1 and PvEV2) that were used for spiking the samples. Using the MiSeq platform in two directions (forward and reverse), there were low-quality reads, mainly based on the low quality of the reverse sequencing reads. These low-quality reads did not affect the analyses as we recovered sufficient reads and we used normalised reads for the analyses. In addition, we recovered our internal control sequences used to spike the extracts. A different sequencing platform, e.g. HiSeq, would have resulted in higher sequencing quality for the reverse strand but would have produced shorter reads.

The dsRNA approach was more efficient than the ribo-depleted totRNA and the sRNA approaches in terms of virus detection. This is because all the eight viruses and the one viroid in this study were detected by the dsRNA approach, while each of the ribo-depleted totRNA and the sRNA approaches, only detected seven viruses and the viroid. Three of the detected viruses were not known to be in the samples, i.e. PEMV2, VCV and WHAV2.

The detection of PEMV2 in mixed infection with PEMV1 is well documented \[[@pone.0237951.ref045]\]. Both viral genomes were recovered with high sequencing depth in all three approaches. VCV is a cryptic (symptomless) virus which occurs at very low concentrations in infected tissues of several German varieties of *V*. *faba* \[[@pone.0237951.ref046]\]. VCV was detected by the dsRNA and sRNA approaches. Furthermore, the ability of HTS to detect cryptic viruses was reported before in \[[@pone.0237951.ref047]\]. Interestingly, four segments of a divergent strain of WHAV2 were identified in sample 1 by dsRNA and ribo-depleted totRNA. WHAV2 was discovered in *Hyalopterus pruni* and *Aulacorthum magnoliae* aphids from Wuhan, Hubei province, China in 2013 \[[@pone.0237951.ref048],[@pone.0237951.ref049]\]. It has a segmented linear (+ve) ssRNA genome, its virion structure is unknown, and it is not assigned to a virus family yet. However, WHAV2 was phylogenetically grouped in the Jingmenviruses clade \[[@pone.0237951.ref049]\]. Moreover, WHAV2 segments were also detected in three other pea samples collected from Germany and Austria in 2012 and 2013 (data not published). This considered the first detection of WHAV2 sequences in a plant host and is also the first record of this finding in Europe.

Concerning the recovered number of viral/viroid nt and the mean depth, in general, their amounts were different depending on the species, the sample and the approach. The recovered viral sequences from the complete data were comparatively low for all samples which might be explained by early sampling and therefore low virus titre. As expected, the number of viral/viroid nt and the mean depth increased with the increase in the size of subsamples. Similarly, the size of the generated contigs and their genome coverage increased with the size of the subsamples.

Linear monopartite ssRNA genomes, i.e. PEMV1, PEMV2 and PhCMoV, were detected using all approaches. When the viral nt were mapped to the single-stranded linear non-segmented consensus sequences (positive or negative), 10M to 20M nt were enough to recover the complete viral genomes. As dsRNAs are produced during viral replication, extraction of dsRNA may enhance the complete recovery of these genomes. Similarly, the removal of host ribosomal RNAs increases the viral/viroid reads compared to the host sequence data. As RNA silencing is a defence mechanism of plants against viral infections, a high amount of viral sRNA is produced upon infection and can be recovered by small RNA approaches.

For the viroid PSTVd, as it has a short nt sequence (360nt), 1M nt were enough to recover the full genome when ribo-depleted totRNAs and sRNAs were used, but this did not work for the dsRNAs where more than 20M nt were required here. It might be possible that PSTVd accumulates to high titres in infected tissues thus leading to an increased concentration of ss- and ds- viroid RNAs. Both RNA forms can serve as templates for the Dicer of the RNA silencing complex thus leading to degradation of these molecules and the production of sRNAs \[[@pone.0237951.ref050]\]. These may explain the very high PSTVd nt recovered by the sRNA approach in comparison to dsRNA and ribo-depleted totRNA.

Segmented viruses, regardless of the genomic composition (nucleic acid type, size and number of the segments), were not well recovered by the three approaches at a normalised nucleotide depth lower than 50M nt. VCV was only detected by using the dsRNA and sRNA approaches. The number of viral nt in the two approaches was not significantly different. The low concentration of cryptic viruses such as VCV and its dsRNA genome could be the main reasons why it was not recovered using ribo-depleted totRNA. In the case of dsRNA approach, the dsRNAs are denatured at 99°C prior to reverse transcription to allow primer binding. However, in the case of ribo-depleted totRNA approach a denaturation step was only carried at 65°C which may not be sufficient to denature the dsRNA molecules of VCV. As WHAV2 might be an aphid virus that is using plants as a vector, this may explain its low titre in planta \[[@pone.0237951.ref049]\].

The DNA virus in this study, PNYDV, was not recovered completely using the three RNA approaches although a slightly higher number of nt could be recovered in case of the sRNA approach. As PNYDV has a circular ssDNA multipartite genome, mRNA must be synthesised for protein translation. Nanoviruses are not known to produce dsRNA. However, in previous research DNA viruses were discovered using dsRNA extraction approaches albeit as low sequence reads \[[@pone.0237951.ref023]\]. As the virus is a phloem restricted virus, a low titre is expected \[[@pone.0237951.ref051]\]. These might be the reasons for the lower recovery of the virus nt which has also been observed by Pecman and colleagues \[[@pone.0237951.ref034]\].

Taking sample preparation into consideration, dsRNA extraction consumed less time (\<1 hour) in comparison to total RNA extraction followed by ribodepletion (about 4 hours) and total RNA followed by sRNA extraction (about 6 hours). The libraries were then sequenced on Illumina platforms MiSeq for both dsRNA and ribo-depleted totRNA, while sRNA on a NextSeq platform but turnaround time was dependent on the sequencing provider.

The costs of dsRNA extraction per sample was less than for the other two approaches ([S3 Table](#pone.0237951.s004){ref-type="supplementary-material"}). The costs were calculated based on our experience and the prices at the time. Increasing the number of samples per lane will reduce the costs of the sequencing platform runs, this was also concluded by \[[@pone.0237951.ref034]\]. Moreover, multiplexing by the use of additional barcodes before library preparation allows the sequencing of more samples per run and consequently will reduce the costs to a more comparable price \[[@pone.0237951.ref023]\]. However, in our own experience, the use of barcodes can be challenging due to barcode hopping and/or difficulties in barcode splitting.

Our results suggest that for successful plant virus/viroid detection using HTS, sequencing of dsRNA might be the most suitable approach when a sequencing depth of at least a 130,000 of high-quality reads are chosen. The ability of dsRNA enrichment to detect ssRNA (positive and negative), dsRNA and DNA viruses, and viroids was reported before \[[@pone.0237951.ref010],[@pone.0237951.ref052]\]. Since most plant RNA viruses produce a dsRNA molecule as replication intermediate and some viruses have a dsRNA genome, and that dsRNA is very stable and can be easily purified, sequencing of dsRNA is therefore a very powerful method for detecting all virus types. If enough sequencing depth is applied, DNA viruses can also be recovered using this dsRNA extraction approach, most likely due to the co-purification of DNA-RNA hybrid molecules. There are different dsRNA extraction methods available for HTS. We used the dsRNA extraction kit as it consumes less time (\<1 hour), uses less milligrams (50 to 200) of plant tissue as starting material, nor does it require a PCR amplification step that would be required for other dsRNA extraction methods \[[@pone.0237951.ref053]--[@pone.0237951.ref055]\]. In addition, it is very cost-effective per sample.

The study further highlights the ability of HTS to detect known and unknown plant viruses and viroids. This study showed that the performance of the three RNA-based approaches is virus/viroid and sample dependent. We conclude that HTS generated data from the dsRNA approach outcompeted the ones generated from ribo-depleted totRNA and sRNA, and potentially can be used for the detection of all plant viruses and viroids if sufficient sequence data is used.
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The means of each approach are shown as blue circle: dsRNA, red triangle: ribo-depleted totRNA and yellow square: sRNA. The means are joined by lines with same colours. The vertical lines represent the standard deviation of the ten replicates. The strips over each graph are divided into two parts (upper: sample number, lower: virus/viroid acronym).
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